In the subapical third internode of 7-day-old etiolated pea seedlings, the magnitude of phototropic curvature in response to continuous unilateral blue illumination is increased when seedlings are pre-exposed to brief red light. The effect of red light on blue light-induced phototropism becomes manifest maximally 4 or more hours after red illumination, and closely parallels the promotive action of red light on the elongation of the subapical cells. Ethylene inhibits phototropic curvature by an inhibitory action on cell elongation without affecting the lateral transport of auxin. Pretreatment of seedlings with gibberellic acid causes increased phototropic curvature, but experiments using "C-gibberellic acid indicate that gibberellic acid itself is not laterally transported under phototropic stimuli.
Neither red light nor gibberellic acid treatment has any promotive effect on blue light-induced lateral transport of 'H-indoleacetic acid. Under conditions where phototropic curvature is increased by red light treatment, low concentrations of indoleacetic acid applied in lanolin paste to the apical cut end of the seedling cause an increased elongation response in subapical tissue. This could explain increased phototropic curvature caused by red light treatment.
In the coleoptile of etiolated grass seedlings, illumination of seedlings with red light causes subsequent changes in the sensitivity of the tissue to phototropically active blue light, and this red light-induced change is known to be controlled by phytochrome (1) (2) (3) 6) . Similarly during geotropism, exposure of etiolated tissue to red light enhances curvature development in grass (21) as well as dicot seedlings (9, 15) . The red light enhancement of geotropic curvature in etiolated pea seedlings is due, at least in part, to the inhibitory action of red light on endogenous ethylene production (9) . In the present communication, the mechanism by which red light increases phototropic curvature in etiolated pea seedlings is investigated. the apical leaves and second node was excised and its basal portion was inserted in 1% agar medium contained in a Petri dish. Phototropic stimuli were given to the excised shoots perpendicular to the plane of the apical hook.
Transport of 'H-IAA and "4C-GA. Lanolin paste containing [5- 'H]-8-indoleacetic acid (100 ,uc/g lanolin) having a specific radioactivity of 28 c/mmole (Schwarz/Mann) or [8-methyl-4C]-gibberellic acid (10 ,c/g lanolin) having a specific radioactivity of 1.54 mc/mmole (Amersham/Searle) was applied to the apical cut end of excised shoots after removing the apical leaves. After 4 hr in the phototropic field, the hook tissue was excised and a 7-mm portion of the subapex where bending had occurred was longitudinally split into lighted quarter, middle half, and shaded quarter (5, 9) with a razor blade. Segments representing the middle half were discarded. These tissue segments were weighed with a Mettler balance, and radioactivity in the tissue was determined in Bray's solution with a NuclearChicago liquid scintillation counter.
Illumination. The red light source and the illumination procedures were the same as previously described (8, 9, 11, 12) . Seedlings were exposed to 5 min red illumination and returned to darkness for indicated periods, after which explants were excised from the seedlings for phototropic and growth experiments. The method using "lanolin hair" described for growth measurements of bean hypocotyls (14) was employed to measure elongation of a 7-mm portion of the subapical internode where growth is most active. Actinic phototropic light was supplied by means of a Bausch & Lomb microscope illuminator which had a tungsten filament and was filtered through blue cellophane with the transmission peak near 450 nm and the long wavelength cut-off (95%) at 550 nm. Seedlings were exposed continuously to the unilateral blue illumination at an intensity of 48 ergs/cm2 sec for 4 hr. All experiments were carried out in total darkness, except for the light treatments mentioned above; a dim green safelight was used only when handling the seedlings.
Hypobaric Treatment. The methods were described elsewhere (8, 9, 11, 12) .
RESULTS
Effect of Red Preillumination on Phototropic Curvature. The action of 5 min red illumination in promoting subsequent phototropic curvature development requires a (dark) lag period as in the case of other photomorphogenic responses (Table I) . When a phototropic stimulus is given to the subapical third internode excised from seedlings immediately after red illumination, red light has no effect on phototropic curvature. If, however, the onset of phototropic stimulus is preceded by a dark period following 5 min red illumination, curvature increases progressively to a maximum when the intervening dark period is extended to 4 or more hr (Table I) .
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Effect of GA on Phototropic Curvature. Seedlings sprayed with aqueous GA solution containing 0.05% Tween 20 4 hr before the application of a phototropic stimulus exhibit an increased phototropic response at all concentrations of GA tested (Table II) . Apical portions of seedlings also were excised and shaken vigorously in liquid medium containing GA for 60 to 90 min. When subsequently they were inserted upright in a 1 % agar medium for phototropic exposure, essentially the same results were obtained.
Noninvolvement of Ethylene in Phototropic Mechanism. Ethylene inhibits gravity-induced migration of auxin into the lower side of horizontally placed pea stem segments (5) and consequently suppresses geotropic curvature (5, 9) . Therefore, it is of interest to ask whether inhibition of ethylene production might be responsible for the red light-induced enhancement of phototropic curvature in the pea seedling. If a response induced by red light is indeed mediated by inhibition of ethylene production, it can be mimicked by placing the responsive plant or tissue under hypobaric conditions where diffusive escape of ethylene is greatly enhanced (8, 9, 11, 12) . Phototropic behavior of the etiolated pea seedling is not affected by hypobaric treatment (data not shown), suggesting that changes in endogenous ethylene are not involved in red light enhanced-phototropic curvature in clear distinction from the mechanism of red light enhancement of geotropism (9) .
Transports of Labeled Auxin and GA during Phototropic Development. Migration of 3H-IAA into the shaded side of the internode occurs in response to phototropic illumination, but neither red light nor GA treatment increases lateral auxin movement (Table III) . The data suggest that something other than a direct action on the lateral auxin transport system is influenced by these treatments when they promote phototropic curvature development. In view of the recent work (16) demonstrating a concentration gradient of diffusible gibberellin across stems exposed to a phototropic stimulus, the movement of '4C-GA in the pea internode was studied. No lateral movement of gibberellic acid in response to unilateral light was noted (Table  IV) . Surprisingly, ethylene, which strongly inhibits gravity-induced downward migration of auxin in a geotropically stimulated stem (5), has no effect on photoinduced lateral migration of auxin into the shaded side of the pea stem (Table IV) . This result is in agreement with the data obtained by the hypobaric treatment, indicating that ethylene is not directly involved in the phototropic processes (e.g. lateral auxin transport) which leads to curvature, and suggests that the mechanism of red light enhancement of phototropism involves something distinct from that of red light enhanced geotropism (9) . Phototropic curvature is inhibited strongly by applied ethylene (Table III) , but this is caused by a rapid suppression of stem elongation (4). The gas also completely suppresses phototropic development in cabbage seedlings, but again the result is explained by a rapid and essentially total suppression of elongation (4) .
Relation of Curvature to Growth Response. There is a close correlation between red light enhanced phototropic curvature development and red light enhanced elongation in the subapical third internode (Table I) . However, it is not over-all but rather differential elongation between opposite sides of the stem that determines the magnitude of curvature. In isolated 1-cm segments of the subapex, 5 min red preillumination of etiolated seedlings followed by an 8-hr dark period results in maximal inhibition of elongation as well as maximal increase in geotropic curvature (9) . The discrepancy in the growth response to red preillumination reported previously (9) and in Table I is due to the different methods employed. It was found that there is a marked difference in growth response between isolated 1-cm internode segments (9) and intact internodal tissue of explants (Table I) excised from preilluminated seedlings. In the 1-cm (Table I) . When the apical leaves are removed and replaced by lanolin paste containing various concentrations of IAA, phototropic curvature increases progressively in relation to the amount of IAA applied up to a maximum above which curvature decreases (Fig. 1) . The decreasing phase of the curve at high concentrations of auxin may reflect a saturation of the growth response to auxin on both sides of the stem irrespective of lightinduced lateral migration. A similar phenomenon was noted in the case of geotropism (9) .
In red preilluminated seedlings, after a subsequent 4-hr dark period, not only is elongation of the subapical internode promoted, but more importantly, the responsiveness of the tissue to low concentrations of auxin is greatly enhanced (Fig. 1) . A similar growth response to red light and auxin was noted in bean hypocotyl explants (18) . This increase in the sensitivity of the tissue to auxin at low concentrations could account for the increased phototropic curvature development after red light pretreatment.
DISCUSSION
Red preillumination increases phototropic and geotropic curvature development in etiolated peas. Both types of tropic processes are mediated through the lateral auxin transport system (7, 17) and prevented by applied ethylene (9, and Table  III ). Yet the mechanism by which red light enhances phototropic curvature development in etiolated pea seedlings is distinct from that by which it promotes geotropism (9) and other photomorphogenic processes where ethylene plays a regulatory role (8, 9, 11, 12 ). This conclusion is based on the facts that (a) the time course for the red light action on blue light-induced phototropism (Table I) does not parallel that on geotropism and ethylene production (9); (b) hypobaric treatment does not affect phototropism whereas it does other ethylene-related photomorphogenic responses including geotropism (8, 9, 11, 12) ; (c) ethylene inhibits gravity-induced downward migration of auxin (5), but has no effect on photoinduced lateral auxin movement (Table III) . In geotropism, ethylene was suggested to act on a process intervening between the perception of gravity and the lateral movement of auxin (13), and thus has no direct action on the lateral auxin transport system itself either for geotropism or phototropism. That ethylene inhibition of phototropic curvature is due to an inhibitory action of the gas on cell elongation rather than any action on light perception is indicated by the observation that eventually a substantial phototropic curvature develops in the presence of ethylene if the intact seedling is exposed to continuous unilateral blue illumination for an extended period (e.g. 18 hr). During that time sufficient stem elongation occurs to allow expression of the auxin gradient as asymmetric growth. The phototropic response in Phycomyces seems to involve the same photoreceptor system as that in higher plants (20) but it, too, is not influenced by ethylene (unpublished data).
Carotenoid has been considered for many years as a possible receptor pigment in phototropism (3, 6, 20) , and 5 min red light treatment of etiolated pea seedlings causes the carotenoid content to increase (8) . This response might be related to the enhanced phototropic sensitivity. However, red light-induced carotenoid synthesis is mimicked by hypobaric treatment be- cause it is mediated through the inhibitory action of red light on ethylene production (8); therefore, it alone cannot account for the effect of red light on phototropism. Moreover, unlike the action of red light on phototropism in grass coleoptiles in the first positive dose range (3, 6) , that on phototropism of etiolated peas does not seem to be caused by a changed sensitivity of the tissue to blue light. Many dicot seedlings were found to exhibit a first positive phototropic reaction (19) , and we have also established its existence in pea seedlings but failed to observe either a change in the magnitude of the curvature or a shift in the light dose causing the curvature in the first positive range by red preillumination. In pea seedlings, the curvature response to a given phototropic stimulus in the second positive range appears to be magnified by red light. This is in agreement with what Zimmerman and Briggs (22) have shown in the oat coleoptile second positive phototropism.
Briggs (2) reported a change in the amount of diffusible auxin in grass coleoptiles in response to red illumination, and correlated this with the changes in phototropic responsiveness of the coleoptile. Auxin applied to the apical tip of pea increases phototropic curvature (Fig. 1 
